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Abstract
The origins of the regenerative nature of antlers, being branched and deciduous apophyseal appendages of frontal bones of cervid
artiodactyls, have long been associated with permanent evolutionary precursors. In this study, we provide novel insight into
growth modes of evolutionary early antlers. We analysed a total of 34 early antlers affiliated to ten species, including the oldest
known, dating from the early and middleMiocene (approx. 18 to 12 million years old) of Europe. Our findings provide empirical
data from the fossil record to demonstrate that growth patterns and a regular cycle of necrosis, abscission and regeneration are
consistent with data from modern antlers. The diverse histological analyses indicate that primary processes and mechanisms of
the modern antler cycle were not gradually acquired during evolution, but were fundamental from the earliest record of antler
evolution and, hence, explanations why deer shed antlers have to be rooted in basic histogenetic mechanisms. The previous
interpretation that proximal circular protuberances, burrs, are the categorical traits for ephemerality is refuted.
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Introduction
Antlers, paired osseous outgrowths of the deer skull, were
described as ‘improbable appendages’ (Goss 1983; Kierdorf
et al. 2009) due to their unique, periodically repeated, cycle of
growth, death and epimorphic regeneration (de novo
formation of a lost appendage distal to the level of
amputation, Goss 1980 based on Morgan 1901) in toto. The
strongly programmed, genetically and physiologically com-
plex antler cycle outpaces any body part renewal known
(Goss 1983, Bubenik 1990, Price et al. 2005, Davis et al.
2011, Kierdorf et al. 2009, Kierdorf and Kierdorf 2011, Li
2013, Li and Suttie 2012, Wang et al. 2019a, b, Landete-
Castillejos et al. 2019). In addition, antlers are so deeply inte-
grated into socio-reproductive behaviour of cervids (deer,
moose, elk, and relatives; Artiodactyla, Mammalia), the only
animals developing this headgear, that the existing cervid di-
versity is largely a product resulting from sexual (antler) se-
lection interacting with intrinsic as well as environmental con-
straints (e.g. Darwin 1871; Whitehead 1972; Clutton-Brock
et al. 1980; Clutton-Brock 1982; Goss 1983; Geist 1998;
Janis 1990; Samejima and Matsuoka 2020). Each species is
characterized by a specific antler morphology, and in many
species, sexual selection has even forced up the regrowth by
larger and more complex successors with every antler gener-
ation. On the other hand, physical condition and morphology
of antlers is extremely sensitive to nutrition, health and social
status (Landete-Castillejos et al. 2007a, 2007b; Caecero et al.
2019; Cappelli et al. 2020) and, hence, serve as a mirror of life
factors.
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Tissue regeneration itself is a known biological phenome-
non across all groups of vertebrates, mostly from wound
healing abilities. Modifications in the context of self-
amputation (autotomy) is recorded by even 300 million years
old fossils, existing long before the appearance of mammals
(see Fröbisch et al. 2014, 2015; LeBlanc et al. 2018), and
includes a number of very bizarre cases (e.g. Maginnis
2006; Scherz et al. 2017). These examples, however, are never
comparable with the complexity, completeness, and escala-
tion in antlers. Inmammals, appendage regrowth is commonly
limited to digit tips (Goss 1980, Gardiner 2005, Han et al.
2005), yet the exceptional case of antlers demonstrates exis-
tence of fundamental conditions developing epimorphic re-
generation in toto in the clade.
Although antlers are bony structures (derivatives of ‘mod-
ified endochondral ossification’ sensu Banks and Newbrey
1982; as described also in Li 2013), they do not share major
functions of bones of the skeletal system. Neither do they form
a substrate for muscles, nor do they protect internal organs,
articulate with other bones or support the body. When coming
into function in intraspecific combats, they are already lifeless
(Currey 1979). Antlers grow from perennial, cylindrical pro-
tuberances (pedicles) of frontal bones in males (on exceptions
see below) (Fig. 1i-j). They grow in form of longitudinal, but
not straight, branched structures. The beam is the principal
cylindrical element, from which side branches dichotomously
split, often at regular intervals. Regrowth of antlers always
happens at the full diameter of pedicles (so-called antler
pushing) without noteworthy circumferential growth
(subperiosteal bone apposition in appendicular long bones),
and, hence, the cross-section outline of pedicles defines that of
beams (Li et al. 2005, Price et al. 2005: Fig. 2). Antler gener-
ations not only increase in size and branching complexity with
progressive age of the individual, but also reach maximum
daily growth rates up to 27.5 mm (in Cervus canadensis,
Goss 1970) (not considering the putatively higher maximum
growth rate of the giant deer Megaloceros giganteus from
Pleistocene times, Lister 1994); though maximum size and
branching pattern is species specific (e.g. Geist 1998; Krauss
et al. 2011; Caecero 2016; Heckeberg 2017a; Samejima and
Matsuoka 2020). The onset of antlerogenesis comes with pu-
berty. Antler size and complexity peak before senescence,
while during the latter aberrant forms are frequent. The burr,
a ring-shaped protuberance around the base (Waldo and
Wislocki 1951: plate 1, plate 5 figs 38a-c; Heckeberg
2017b: fig. 1), is an indicative character of second and subse-
quent generation antlers. Its position, directly above the area
of bone resorption (what equates to the distal end of the ped-
icle) prior to antler shedding has prompted conclusions
assessing its presence necessarily related to antler shedding
(e.g. Lartet 1839; Dawkins 1881; Rütimeyer 1881; Filhol
1891; Lydekker 1898; Matthew 1908; Macewen 1920;
Hilzheimer 1922; Pocock 1923; Schlosser 1924; Zdansky
1925; Stehlin 1928, 1937, 1939; Kraglievich 1932; Colbert
1936; Teilhard de Chardin and Trassaert 1937; Teilhard de
Chardin 1939; Pilgrim 1941; Simpson 1945; Thenius 1948a;
Waldo and Wislocki 1951; Crusafont 1952; Young 1964;
Barrette 1977; Leinders 1983; Bubenik 1990; Ginsburg and
Azanza 1991; Dong 1993; Gentry 1994; Azanza and
Ginsburg 1997; Azanza et al. 2011). However, occasional
observations of shedding and regrowth of antlers lacking a
burr, in cervids usually developing a burr, (e.g. Raesfeld
1920) doubt the alleged mandatory development of a burr in
the context of antler regeneration.
The complexity of antler cycle physiology, though, is not
yet fully understood (Price et al. 2005; Kierdorf et al. 2007,
2009; Davis et al. 2011; Li and Suttie 2012; Li 2013; Wang
et al. 2019a, b). It is under intrinsic hormonal control–
predominated by testosterone levels–which in turn is
synchronised with extrinsic seasonality or day light supply:
the more pronounced seasonality, the more regular antler cy-
cle. Whereas timing of the antler cycle in the subtropical,
temperate or cold zone follows a regular rhythm, tropical deer
are reported to only irregularly replace their antlers (Mohr
1932, Morris 1935, Van Bemmel 1952, Asdell 1964, Ables
1977, Loudon and Curlewis 1988, vanMourik and Stelmasiak
1990, Bubenik et al. 1991, Samsudewa and Capitan 2011,
Kavčić et al. 2019 and others) up to a supposedly missing
antler cycle in Elaphodus cephalophus (Mattioli 2011), but
see Nowak (1999) and Pohle (1989), the latter described reg-
ular antler cycle in Elaphodus cephalophus in a German zoo
under temperate climatic conditions. Other extremes are the
holarctic Rangifer tarandus (reindeer) with antlers in both
sexes (Holand et al. 2004 and references therein) and the
Asian temperate Hydropotes inermis (water deer) whose lack
of antlers is considered a secondary evolutionary loss
(Schilling and Rössner 2017 and references therein). The sim-
ple antler morphology in combination with an extraordinarily
long pedicle rooting above the orbit in Muntiacus spp. and
Elaphodus cephalophus (Fig. 1i) is a striking disparity among
living cervids; along with enlarged upper canines in those
species, they resemble phenotypes of early times in cervid
evolution (e.g. Chow and Shih 1978; Rössner 1995;
Aiglstorfer et al. 2014). Small-sized antlers with simple mor-
phology of South-American Mazama spp. and Pudu spp. are
considered results from dwarfing (Eisenberg 1987).
Exceptional antler-bearing females were reported from several
species (Wislocki 1954, 1956; Donaldson and Doutt 1965).
The unique biology of antlers has been considered an un-
paralleled opportunity in order to explore processes andmech-
anisms of full mammalian organ regeneration (Li and Suttie
2012; Dong et al. 2019; Wang et al. 2019a, b). Yet, how this
complex physiology has evolved over time, has received com-
parably little attention so far. There is, however, a substantial
palaeontological record of antlers that allows for insights into
their evolutionary history (e.g. Lartet 1839; Fraas 1862;
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Dawkins 1881; Rütimeyer 1881; Zittel 1893; Lydekker 1898;
Zdansky 1925; Stehlin 1928, 1937, 1939; Colbert 1936;
Bohlin 1937; Young 1937; Pilgrim 1941; Dehm 1944;
Thenius 1948b; Young 1964; Fahlbusch 1977; Lister 1987;
Azanza and Menéndez 1990; Bubenik 1990; Vislobokova
1990; Ginsburg and Azanza 1991; Azanza 1993; Dong
1993, 2008; Gentry 1994; Rössner 1995; Gentry et al. 1999;
Azanza and Ginsburg 1997; Azanza Asensio 2000; Wang
et al. 2009; Merino and Rossi 2010; Rössner 2010; Azanza
et al. 2011, 2013; Böhme et al. 2012; Vislobokova 2013;
Aiglstorfer et al. 2014; Croitor 2014; DeMiguel et al. 2014;
Suraprasit et al. 2014; Hou 2015). Of particular interest are 18
to 12 million years old (early and middle Miocene) branched
frontal appendages from Eurasia. They are small, have no
beam structure and most of them no burr, but represent a
variety of morphotypes comprising simple dichotomous, tri-
chotomous, palmated and irregularly ramified structures (Fig.
1a–h). Some of them show a more or less pronounced basal
thickening proximal of the ramified distal part, some extend
their bases far beyond the pedicle outline and form proximal
transversal extensions with arising tines. They grew from long
pedicles—instead of short ones like in most living cervids
—similar in proportion with the antler length alike in living
Muntiacus spp. and Elaphodus cephalophus. Unlike in mod-
ern cervids, their pedicles grew from the orbital roof upwards,
causing pedicle positions directly above the eyes. This out-
standing morphological disparity between cranial appendages
of stem and crown cervids caught the attention of many au-
thors and stimulated efforts in order to conclude on gradually
achieved modern antler traits with consequences to Cervidae
Fig. 1 Schematic sketches of antler morphotypes and original skulls from
the Early and Middle Miocene (a–h) as well as extant (i, j) with relative
antler-pedicle-proportion as well as positioning and inclination of pedicle
on the skull roof. Antlers are indicated in red, pedicles in blue. Size is not
to scale. a dichotomous geometry, Procervulus; left sketch, right BSPG-
SNSB 1979 XV 555; b dichotomous geometry with basal thickening,
Heteroprox; c dichotomous geometry with basal thickening,
Acteocemas; d dichotomous geometry with transversal basal extension,
Dicrocerus; e dichotomous geometry with burr and shaft, Euprox; f
palmate geometry with transversal basal extension, Lagomeryx; g
palmate geometry with transversal basal extension, Paradicrocerus; h
trichotomous geometry, Ligeromeryx; i dichotomous geometry with
burr, Muntiacus muntjak, top sketch, bottom NMB C.2023; j beam
geometry of principal longitudinal cylindrical element from which
prongs branch-off, with proximal burr and shaft (region between first
basal-most split and burr), Cervus elaphus, top sketch, bottom NMB
n.N.372
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systematics. It was attempted to find homologues for morpho-
logical elements of modern antlers in early fossil antlers (burr,
brow tine, shaft, beam, sculpturing). Whereas some
morphotypes were recognised always as fossil homologues
of their modern antler successors, others (Procervulus,
Lagomeryx-related) went through odysseys of interpretations.
According to the lack of a burr and a smooth surface, the latter
also spurred interpretations of permanent fossil precursors of
antlers (Lartet 1839, 1851; Fraas 1862; Gaudry 1878;
Dawkins 1881; Rütimeyer 1881; Filhol 1891; Zittel 1893:
393; Matthew 1904; Abel 1919; Hilzheimer 1922; Colbert
1936; Bohlin 1937; Frick 1937; Stehlin 1937, 1939;
Teilhard de Chardin 1939; Pilgrim 1941; Dehm 1944;
Simpson 1945; Thenius 1948b; Crusafont 1952; Bubenik
1966; Young 1964; Goss 1983, McFarland et al. 1985; Janis
and Scott 1987; Vislobokova et al. 1989; Bubenik 1990;
Azanza 1993; Gentry 1994; Azanza and Ginsburg 1997,
Groves 2007) and as such an evolutionary pre-stage to decid-
uous antlers (e.g. Dong 2008; Wang et al. 2009). However,
evidence for deciduousness in even these earliest antler-like
organs without burrs was occasionally described during the
latest decades (Ginsburg 1985; Rössner 1995; Azanza and
Ginsburg 1997; Rössner 2010; Azanza et al. 2011), and only
recently, a study especially dedicated to external morpholog-
ical resorption traits on abscission scars in early antlers pro-
vided unequivocal evidence (Heckeberg 2017b). Thus, below
we refer to ‘antlers’ when describing the respective fossils
rather than to ‘antler-like organs’ (see e.g. Bubenik 1990;
Azanza and Ginsburg 1997; Gentry 1994; Azanza et al.
2011; DeMiguel et al. 2014). Radiographs and histological
studies of some of these species and specimens enabled more
differentiated insights and stimulated hypotheses on antler
evolution with gradually achieved modern antler traits
(Bubenik 1990, Vislobokova and Godina 1993a, 1993b,
Rössner 1995, Azanza and Ginsburg 1997, Azanza et al.
2011). Histological features were interpreted to reflect differ-
ent modes in the cycle of regeneration as compared to antlers
in living cervids, including irregular shedding of still alive
antlers and long-term persistence. The latter was underpinned
by terms ‘protoantler’ and ‘protoburr’ as well as ‘true antlers’
for modern antlers.
However, although the available histological results
opened a significant new window into antler evolution, they
are too sparse to provide fundamental information. A major
obstacle in this respect is the destructive nature of histological
methodologies as well as their limitations in the size of study
objects. Since antlers constitute important (if not to say the
most important) diagnostic remains of extinct deer, i.e. are
frequently holotypes or included in the type series, especially
those from the Miocene, invasive techniques are often not an
option.
In this context, the meanwhile established standard tech-
nique of 3D micro-computed tomography plays a critical role
in overcoming the addressed problems and provides a prom-
ising new approach, not only to complement histological stud-
ies with data on internal gross microanatomy of early antlers,
but also to much more easily generate data of a larger speci-
men sample. Accordingly, in order to substantiate the previ-
ous findings on the evolution of antlerogenesis, we here pres-
ent novel research on internal antler structure using 3Dmicro-
computed tomography. We extended specimen sampling to a
much more comprehensive taxonomical coverage and were
able to include type materials and rare well-preserved speci-
mens. Most importantly, the CT scans enable us to study any
section of interest (transversal, longitudinal and any in be-
tween) and therefore provide a three-dimensional understand-
ing of the internal structuring. In addition, we used newly
prepared thin sections of a selection of specimens and species
to overcome resolution deficits of the CT scans for many
histological details. The new data set (1) gives insight into
growth patterns in evolutionary early antlers, (2) enables com-
parison with modern antlers, and (3) allows for inference on
evolution of underlying physiological processes. We
hypothesise that all studied specimens exhibit the histological
peculiarities as recognised earlier (Bubenik 1990; Azanza and
Ginsburg 1997; Vislobokova and Godina 1993a, 1993b), and,
hence, support the interpretation of a gradually acquired mod-
ern regular cycle of necrosis, abscission, and regeneration
during time.
Material and methods
34 specimens of ten species, representing either antler or ped-
icle or both, were selected aiming at a good taxonomic cover-
age over the early and middle Miocene (appr. 18 to 12 Ma)
including holotypes and the oldest antlers known
(Ligeromeryx praestans (Stehlin 1937) from Chitenay
(France), Azanza and Ginsburg 1997; Procervulus
praelucidus (Obergfell 1957) from Wintershof-West
(Germany), Rössner 1995). We have mostly chosen fully
grown antlers to secure systematic assessment and compara-
bility of results. Moreover, if possible, we examined multiple
specimens of a species representing attached and shed speci-
mens as well as different antler generations. There is the gen-
eral issue that the fossil record does not provide series of fully
grown antlers of one individual, and hardly an entire set com-
ing from one species. When studying geologically earliest
antlers, a further difficulty arises with the systematic associa-
tion of not fully grown antler morphologies. However, we
intended to compensate these issues with a good sampling
across systematics and ontogeny. Our investigations also con-
sidered the pedicles, as pedicle and antler form a functional
entity (Li 2013). In addition, we investigated antlers of a mod-
ern Muntiacus muntjak to provide reference of an ancestral-
type antler (long pedicle, short antler, simple branching
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pattern) with explorable biology. Online Resource 1 lists all
specimens under study, their specifics, and applied methods.
Our methodological approach comprises high resolution
X-ray computed tomography for most specimens as well as
histological thin sections. Scanning was performed at the
Bavarian Natural History Collections (SNSB) facilities using
a phoenix|x-ray nanotom m (phoenix_x-ray, GE Sensing and
Inspection Technologies GmbH, Wunstorf, Germany) and at
the Biomaterials Science Center of the University of Basel
(see single scanning parameters in Online Resource 1).
Preparation of histological thin sections followed standard
petrographic thin-sectioning procedures as outlined by
Chinsamy and Raath (1992). The antler and pedicle fossils
were embedded in synthetic resin prior to cutting and
polishing to prevent fracturing and loss of material, prior to
being mounted on glass plates. Specimens were ground down
manually to appropriate thicknesses (about 70 to 100 microns
thick) using SiC powders of different grain-size (220, 500,
800) before being covered by a glass slip. The sections were
then studied using a compound polarising microscope Leica
DM 2500 M, equipped with a Leica DFC 420 C digital cam-
era. Images were taken and processed using Adobe creative
suite.
In order to interpret microstructural and palaeohistological
findings, we applied general knowledge on bone histology
from the literature (especially Francillon-Vieillot et al. 1990,
Castanet 2006, Castanet et al. 1993, Kolb et al. 2015) and
compared to specific results from published research on mod-
ern antlers (see below). In doing so, we often came across
terminological conflicts between neontologists and
palaeontologists which we tried to sort out with regard to
our research question. For discussion we put our results in
the context of modern antler biology (Li and Suttie 2012; Li
2013; Kierdorf et al. 2013; Landete-Castillejos et al. 2019) to
be able to identify fundamental traits and/or patterns.
Abbreviations: NMA, Naturmuseum Augsburg, Germany;
NMB, Naturhistorisches Museum Basel, Switzerland; SNSB-
BSPG, Staatliche Naturwissenschaftliche Sammlungen
Bayerns – Bayerische Staatssammlung für Paläontologie und
Geologie, Munich, Germany; SNSB-ZSM, Staatliche
Naturwissenschaftliche Sammlungen Bayerns – Zoologische
Staatssammlung München, Munich, Germany.
Results
In the present study, both classical histology and non-invasive
CT scanning yielded complementary data sets enabling for
integrative analysis of microstructures of 34 antler and/or ped-
icle specimens (see Online Resource 1). Generally, histology
of the fossilised antlers revealed that they are made up and
shaped in their external morphology by a primary longitudinal
bone scaffold of ramifying trabeculae that got filled by
lamellar bone (osteons) (Figs. 2, 3 and 4, Online Resources
4-8,10-37). In subsequent phases of osteon formation, remain-
ing intertrabecular, non-bone compartments got impregnated
with partial replacement of the original bony framework (de-
velopment of Haversian bone). In some specimens internal
structure and histology show concentric differentiation with
decreasing (outer cortical) lamellar bone, and reciprocally in-
creasing woven/trabecular bone from periphery towards the
centre, always restricted to regions where branching happened
(Fig. 3, Online Resources 21, 29, 34). Antlers with basal trans-
versal extension, and tines arising from, consist of Haversian
bone only (Fig. 5c, d, Fig. 6a Online Resources 2D-F; 3E-F,
K-L; 10-13; 23, 30-33). With the exception of tine tips and
ornamentation protuberances (Online Resources 11A-B, 12
C-D), the cortical periphery is composed of thin primary bone
consisting of osteonal parallel-fibered bone (Fig. 4b, c, f;
Online Resources 4I-L, 7C, E, G, H; 13H, I). Unfilled erosion
cavities are found in places in still attached antlers (Online
Resource 5E, G; 7A). In several places of the cortical periph-
ery, we found remains of fibres extending perpendicularly into
cortical bone tissue (Fig. 4b, g; Online Resources 7E, H; 13G).
These fibres, which are not as prominent and coarse as in
pedicles (see below) are consistent with connecting
Sharpey’s fibres from the periosteum into the circumferential
and interstitial lamellae of the cortical bone tissue.
Fig. 2 Primary bone scaffold in early antlers. An unshed antler of
Procervulus praelucidus, SNSB-BSPG 1937 II 16810, Wintershof-
West (Germany), Early Miocene (MN3), matches the initial stage of
recent cortical antler bone development in Kraus et al. (2009: Fig. 3d,
c) and extant cancellous bone zone of a proximal antler in Kierdorf et al.
(2013: Fig. 8e). a transversal section, b parasagittal section
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In all specimens, longitudinal osteons run unidirectional
from the antler’s base along morphogenetic axes. An area of
wider Haversian canals is recorded from base and tine centres
(Fig. 3; Online Resources 14, 21, 24-27, 29, 34-36) in still
attached as well as shed antlers, but not in trichotomous antlers
and palmated antlers with basal transversal extension (Fig. 8;
Online Resources 16, 18, 23, 30, 31, 33). Short radial
Volkmann’s canals connect longitudinal vascular spaces and
also meet the external surface in still attached, but also in shed
specimens (Fig. 3; Online Resources 10, 11, 12, 15, 19, 21,
23, 30).
Besides remnants of primary tissue, secondary osteons are
widely distributed, more extensively in the antlers’ bases (Fig.
4; Online Resources 5A-B, 12E-F, 13C-I). There are clearly
less secondary osteons in tine tips of still attached antlers
(Online Resources 4E-F, I-J) and ornamentation protuber-
ances (Online Resources 12C-D). The latter exhibit even less
mature bone tissue formed by woven bone only, incompletely
filled with primary osteons. Globular cell lacunae without
canaliculi in the very tips of tines (Online Resources 5C-D,
11A-C) are interpreted here as chondrocyte lacunae, indicat-
ing the presence of hypertrophied remnants of cartilage.
Branching occurs exclusively via growth centre splitting at
the distal aspect of the growing antler (Figs. 2, 3 and 8; Online
Resources 3, 7, 10, 15-37), either dichotomous, trichotomous
Fig. 3 Principal tissue components in early antlers. Radiographic sections
of shed antler of Procervulus praelucidus, SNSB-BSPG 1937 II 16842,
Wintershof-West (Germany), Early Miocene (MN3), reveal predominant
dense cortical bone and some trabecular bone in the tine centres as
opposed to the general structure in extant antlers in Rolf and Enderle
(1999: Fig. 1A, B), and trabecular bone in extant antlers (Kierdorf et al.
2013: Fig. 8e) in specific. a parasagittal section, b transversal section
Fig. 4 Haversion bone in early antlers. Histology of shed dichotomous antler
of Heteroprox eggeri, SNSB-BSPG 1959 II 5270, Sandelzhausen
(Germany), Middle Miocene (MN5), resembles extant proximal antler
(Kierdorf et al. 2013: Fig. 7b). a Lateral view of specimen before
sectioning, black arrowheads indicate position of thin sections taken in
addition to longitudinal sections. b, c, d, e Close-up of the compact bone of
the proximal antler. Note thin primary bone in the cortical periphery
consisting of lamellar/parallel-fibred bone (well visible in b; note also
presence of Sharpey’s fibres) and the strongly remodelled interior bone
largely consisting of dense Haversian bone; b longitudinal section normal
transmitted light, c longitudinal section cross-polarised light, d longitudinal
section normal transmitted light, e cross section cross-polarised light. f, g
Focus on the bone tissue of the distal part of the tine. Here, most of the
bone is also remodelled into dense Haversian tissue, and the external-most
layer still consists of primary lamellar/parallel-fibred bone tissue, crossed by
thin Sharpey’s fibres; f cross section normal transmitted light, g cross section
cross-polarised light. LB, lamellar bone; PFB, parallel-fibred bone; ShF,
Sharpey’s fibres; SO, secondary osteon
    3 Page 6 of 24 Sci Nat           (2021) 108:3 
or palmated. Antler base thickening, ornamentation and
morphotypes with bases widely extending the pedicle diame-
ter are exclusively formed of proliferated osteonal bone (Fig.
8; Online Resources 3F, 13A, 15, 31-34).
Abscission scars of shed antler specimens show enlarged
spaces across osteons (Fig. 5; Online Resources 2F, 3F, 13A-
B, 21, 26-27, 32) resulting fromHowship’s lacunae. The latter
are resorption bays caused by osteoclast activity, as can be
observed in modern antlers (Kölliker 1873; Li et al. 2005;
Landete-Castillejos et al. 2019).
The pedicles included in the study exhibit the general long
bone zonation with cortical tissue, intermediate trabecular tis-
sue, and central medullary regions (Francillon-Vieillot et al.
1990) (Figs. 7 and 8; Online Resource 3). Cortical osteons are
arranged longitudinally. Those pedicles still attached as part of
theOs frontale evidence continuity of internal tissues between
both organ regions (Fig. 8; Online Resources 14, 15, 18, 20,
23-24, 28-29, 31, 33). We note an allometric effect which
links a higher portion of trabecular bone and medullary cavi-
ties with larger-sized pedicles/diameters and leaves smaller-
Fig. 5 Abscission scars with
Howship’s lacunae in early





(MN3); a radiographic section
through abscission scar; b
specimen, side view. c, d, e, f
Shed palmate antler of
Paradicrocerus elegantulus,
SNSB-BSPG 1976 VI 24,
Thannhausen (Germany), Middle
Miocene (MN6); c vertical thin
section with basal abscission scar;
d close-up of abscission scar with
Howship’s lacunae; e distal view
of the specimen prior to
sectioning; f proximal view of the
specimen with roundish
abscission scar prior to
sectioning. g, h, i Shed
dichotomous antler ofHeteroprox
eggeri, SNSB-BSPG 1959 II
5258, Sandelzhausen (Germany),
Middle Miocene (MN5); g
longitudinal radiographic section
of the antler’s base; h placement
of g radiographic section in the
specimen; i side view of
specimen. j, k Still attached antler
of Euprox furcatus, SNSB-
BSPG1950 I 30, Massenhausen
(Germany), Middle Miocene
(MN8); j longitudinal
radiographic section showing a
fine, sub-sinus-shaped line of
Howship’s lacunae directly below
the burr what coincides with the
junction between a pedicle and an
antler in modern cervids just
before antler shedding (see Li
2013: Fig. 5); k side view of
specimen, blue frame indicating
region depicted in j. HL,
Howship’s lacunae. Red arrows
indicate location of HL
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sized pedicles without zonation (Fig. 8d, j; Online Resources
15, 23, 30). Medullary regions housing larger cavities are
restricted to the proximal part of the pedicle only. Haversian
bone, trabecular bone, and peripheral lamellar bone of the
cortex are remodelled to different grades (depending on the
specimen and place) and were vascularised in a reticular pat-
tern according to few scattered primary and predominantly
secondary osteons. Radially oriented Sharpey’s fibres are fre-
quent (and can be quite coarse) in the periphery of the pedicle
cortex (Online Resources 8B-D, 9B, 10C). An early Miocene
cervid skull of Procervulus dichotomus (SMNS 45140) with
fully erupted slightly worn permanent dentition, i.e. the indi-
vidual died at young adult age, has pedicles with convex distal
ends consisting of fully compact bone (Online Resource 38).
Convex pedicle ends match concave abscission scars of many
fossil antlers (Heckeberg 2017b, Figs. 5 and 6). However,
pedicle ends do not show indication of resorption, but rather
bone formation, although the length of these pedicles is
shorter than that of pedicles of the same species with attached
fully grown antlers and strongly worn permanent dentition
(Online Resource 24). The latter might hint to substantial ped-
icle length increase along with the repeated shedding process-
es of the antler generations, what is in contrast to modern
cervids in which the pedicles become shorter with each shed-
ding process.
At the transition from pedicle to antler, some specimens
show discontinuity of Haversian tissue appearing in the form
of a transversal seam in a longitudinal section, concave to-
wards distal (Fig. 6), indicating not only disruption of life
processes in the antler, but also reinduced growth. In one of
these specimens, which was shed, these irregularities appear
clearly distal to the abscission scar (Fig. 6b top) and, hence,
indicate a previous growth disruption. Accordingly the spec-
imen may document repeated shedding. The seam is in accor-
dance with results from neohistological studies on processes
during antler regeneration (Li et al. 2005: fig. 7), and as such it
indicates epimorphic regeneration (de novo formation of a lost
appendage distal to the level of amputation, Goss 1980 based
on Morgan 1901).
The two shed antler specimens of living Muntiacus
muntjak (ZSM 1966 237b) are built from compact
Haversian bone only, but exhibit somewhat decreasing lamel-
lar bone from periphery to centre. Haversian canals run
through the abscission scars and Volkmann’s canals to the
external surface. The burr is a result of proliferated osteonal
bone, and branching into dichotomous antlers happened
Fig. 6 Regeneration in early
antlers. At the transition from
pedicle to antler two specimens
show discontinuity of Haversian
tissue appearing in the form of a
transversal, concave towards
distal, seam in a longitudinal
section. It indicates not only
disruption of life processes in the
antler, but also reinduced growth.
a Left attached dichotomous
antler of Acteocemas infans,
NMB S.O.3126, Chilleurs
(France), Early Miocene (MN3);
top longitudinal radiographic
section, bottom lateral view of
specimen. b Shed dichotomous
antler of Heteroprox eggeri,
SNSB-BSPG 1956 II 5268,
Sandelzhausen (Germany),
Middle Miocene (MN5); top
longitudinal radiographic section
with discontinuity appearing
clearly distal to the abscission
scar, indicating a previous growth
disruption and repeated shedding;
bottom lateral view of specimen.
Red arrows indicate lines of
discontinuity
    3 Page 8 of 24 Sci Nat           (2021) 108:3 
through growth centre bifurcation directly above the antler’s
base (Online Resource 37).
Discussion
The complexity of the modern antler cycle comprising peri-
odic growth, necrosis, and abscission challenges several fields
of biological sciences. It demonstrates principal capabilities of
not only in toto organ replacement, but in toto apparatus re-
placement in mammals. However, the not yet fully understood
outstanding biology of antlers opens to another dimension
when including the fossil record. Results from morphological
and histological comparisons of antlers of extinct and extant
cervids have been considered to represent critical differences
which document the stepwise modification of ‘antler-like or-
gans’ towards the highly derived antler biology of the modern
world. Hence, the available evidence from the deep past trig-
gered several hypotheses on the evolutionary history of antlers
and initial stages, favouring permanent initial organs and/or
gradually acquired modern antler characteristics including the
antler cycle process (e.g. Lartet 1839; Brooke 1878; Dawkins
1881; Rütimeyer 1881; Filhol 1891; Lydekker 1898;
Schlosser 1924; Zdansky 1925; Kraglievich 1932; Frick
1937; Matthew 1908; Pocock 1923; Stehlin 1928, 1937,
1939; Colbert 1936; Teilhard de Chardin and Trassaert
1937; Teilhard de Chardin 1939; Pilgrim 1941; Dehm 1944;
Simpson 1945; Crusafont 1952; Young 1964; Barrette 1977;
Leinders 1983; Bubenik 1990; Dong 1993; Gentry 1994;
Azanza and Ginsburg 1997; Groves 2007; Azanza et al.
2011).
Central to these discussions is the pronounced and vastly
studied annual antler cycle of holarctic cervids living in tem-
perate and cold zones including Alces, Rangifer, Capreolus,
Odocoileus, Cervus, Dama, and the extinct Megaloceros,
while neglecting other clade representatives from warmer cli-
mates or with small, simple antlers. This may have obscured
relevant physiological aspects to the understanding of funda-
mental antler biology and in consequence of antler evolution.
In that context, the present study provides the so far most
extensive insight into hard tissue traits of fossil antlers. As
such our palaeohistological findings allow for a profound
Fig. 7 Pedicle of early antlers. Detailed histology of the pedicle of
Euprox furcatus, NMB Sth. 12, Steinheim (Germany), Middle Miocene
(MN7), in transversal (a) and longitudinal thin section (b). Images in a-g
are in normal transmitted light, h in cross-polarised light using lambda
compensator. c Close-up of distal portion of pedicle, just below the
abscission area (see b), showing interior largely remodelled trabecular
bone and a compact cortex. d Peripheral lamellar bone of the cortex,
vascularised by few scattered primary and secondary osteons. Note
presence of Sharpey’s fibres. e Patches of primary bone tissue with
reticular vascularisation within largely remodelled Haversian bone
tissue. f Close-up of e, patch of primary bone. g, h Close-up of the
multiple generations of secondary osteons forming dense Haversian
bone. EC, erosion cavity; LB-PFB, lamellar bone to parallel-fibred
bone; PB, patches of primary bone tissue; RV, reticular vascularisation
pattern; ShF, Sharpey’s fibres; SO, secondary osteon
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interpretation of growth patterns and related physiological as-
pects in the onset of antler evolution. Given that both modern
antler histology and development have received intensified
attention during the last two decades (see Li and Suttie
2012; Li 2013; Kierdorf et al. 2013; Landete-Castillejos
et al. 2019 and references therein), there is a good substrate
to interpret fossil structures. In the following, we compare our
results with this evidence from modern antlerogenesis, and, in
addition, discuss further topics relevant to an overall valid
hypothesis on antler evolution.
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Pedicles and antlers
Modern antler biology provides much evidence for the func-
tional entity of pedicles and antlers (Kierdorf et al. 2013) and
as such antlers are the ‘regenerated apices of the pedicle’
(Bubenik 1990:8). An increase in testosterone levels initiates
pedicle and first antler growth which originate from prolifer-
ation and differentiation of the cellular layer cells in the
antlerogenic periosteum (Hartwig 1967; Hartwig and
Schrudde 1974; Goss 1983; Bubenik et al. 1991). The latter
overlies the crest on frontal bones of living prepubertal cervid
individuals. Pedicles in Cervus elaphus develop through three
ossification stages: first intramembranous ossification up to
1.0 cm in height (palpable pedicle), followed by transitional
ossification between 1.0 cm and 2.5 cm in pedicle height
(visible pedicle), and finally pedicle endochondral ossification
to complete the rest of the pedicle tissue formation (2.5–
3.0 cm in height) (Li 2013) and form the antler. This transfor-
mation in ossification is per se an extraordinary phenomenon,
as pedicles and antlers are skull appendages and skull bones
derive from intramembranous ossification, which could oth-
erwise not grow pedicles and antlers due to insufficient vas-
cularisation (Ham 1969; Stockwell 1979; Banks and Newbrey
1982). However, Gruber (1937) suggested that the entire ped-
icle in the much smaller Capreolus capreolus is formed by
intramembranous ossification. Li et al. (1995) identified me-
chanical compression of stretched skin fibres during growth as
the driving force in the change of ossification mode.
Moreover, cells of the pedicle periosteum were identified as
antler stem cells in living cervids (Li et al. 2005). The distal
pedicle periosteum, however, is different, but similar to the
antler’s periosteum, in that no clear demarcation between the
internal cellular layer and the external fibrous layer can be
readily detected (Li 2013).
Pedicles of early evolutionary antlers are characterized by
their position directly on the roof of the orbit (Figs. 1 and 8), a
place where in modern prepubertal cervids the supraorbital
process of the frontal crest is located (Li and Suttie 2012:
1B). They are mostly directed almost upright and with a con-
siderable length equal to or largely exceeding the length of the
antler itself (Figs. 1 and 8; Online Resources 15, 18, 20, 23,
24, 28, 29, 34). In contrast, modern pedicles grow caudal to
the orbit close to the parietofrontal suture, are strongly in-
clined caudad or laterad, and are mostly substantially shorter
in comparison to the antler’s length. Our palaeohistological
findings show apophyseal tissue continuity from frontal bone
into pedicle base, and, hence, propose equal histological con-
ditions with highly vascularized endochondral ossification
arising from an antlerogenic periosteum homologue on the
orbital roof.
Alike long bones of the appendicular skeleton modern ped-
icles are composed of compact cortical bone and trabecular
bone in the centre, but in contrast lack medullary cavities (Li
and Suttie 1998, Rolf and Enderele 1999:2C, Kierdorf et al.
2013). The studied fossil pedicles coincide with the exception
of present medullary cavities in their more proximal portions
and no internal zonal patterning at all in those with a very
small diameter; the latter is interpreted to be associated with
allometry (Figs. 7 and 8). Recorded frequent strong Sharpey’s
fibres in external cortex tissue of stem cervid pedicles (Online
Resources 8B-D, 9B, 10C) coincide with anatomy in modern
pedicles ( Li et al. 1995: fig. 2C; Li 2013: figs 5C, 5D;
Kierdorf et al. 2013: figs 4a, e, f). Kierdorf et al. (2013) doc-
umented evidence of extensive pedicle histogenetic remodel-
ling in the context of the modern antler cycle. Our
palaeohistological results confirm extensive tissue remodel-
ling during the lifetime of ancient pedicles.
Antler bone and growth
Histology of modern antlers resembles long bone tissue of the
appendicular skeleton by following general principles in en-
dochondral ossification: successive forming and replacing of
preosseous (circumferential periosteum/perichondrium, carti-
lage, osseocartilaginous tissue) and osseous tissues (Nickel
et al. 1992a, 1992b). Generally, osteogenesis of antlers can
be equated with endochondral bone formation as in growing
skeletal epiphyses (Wislocki et al. 1947b), yet a contiguous
growth plate and secondary ossification centres of the latter
are not present (Gruber 1937; Banks 1974; Banks and
Newbrey 1982).
Alike long bones, antlers are composed of compact cortical
bone and trabecular bone in the centre, but in contrast lack
medullary cavities and extensive circumferential growth (e.g.
Fig. 8 Overall internal structuring in early antlers. Radiographic sections
of overall internal structuring in some examples of early antlers and
associated pedicles and frontal bones. Compact Haversian bone is the
most widely distributed tissue, exclusively composing the antlers (most
proximal, branched portion). Within pedicles trabecular bone is present in
the centre relative to the overall size of the specimen (the larger the more)
and there is apophyseal tissue continuity from frontal bone into pedicle
base. a, b Skull roof with both pedicles and bases of attached palmated
antlers of Paradicrocerus elegantulus, holotype, NMA 79-5004/761,
Stätzling (Germany), Middle Miocene (MN6); a rostral view of
specimen (photo by M. Rummel, NMA), b transversal radiograph. c, d
Left palmated antler on pedicle of Lagomeryx ruetimeyeri, holotype of
type species, SNSB-BSPG 1881 IX 55 m, Reisensburg (Germany), Early
Miocene? (MN4?); c anterior view of specimen, d longitudinal
radiograph. e, f Base of trichotomous antler on pedicle of Ligeromeryx
praestans,NMB S.O. 3020, lectotype, Chitenay (France), Early Miocene
(MN3); e anterior view of specimen, f longitudinal radiograph. g, h Right
dichotomous antler on pedicle of Procervulus praelucidus, SNSB-BSPG
1937 II 16841, Wintershof-West (Germany), Early Miocene (MN3); g
anterolateral view of specimen, h longitudinal radiograph. i, j Left
dichotomous antler on pedicle of Acteocemas infans, NMB S.O.3126,
holotype, Chilleurs-aux-Bois (France), Early Miocene (MN3). i lateral
view of specimen, j longitudinal radiograph. e-j depict the oldest antlers
known
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Chapman 1975, Bubenik 1990, Rolf and Enderele 1999,
Krauss et al. 2009, Sridevu et al. 2014, Landete-Castillejos
et al. 2019: fig. 8). Internal structure and histology of mature
modern antler beams typically show concentrically organised
bone differentiation with decreasing lamellar bone versus tra-
becular bone towards the centre. The shape-providing cortex
is composed of dense lamellar bone, whereas the central
spongiosa is built from trabecular bone scaffold only, i.e. in-
crease of spacious bone tissue towards the centre. The inner
cortex of mature Haversian bone differs from the very thin
outer cortex (subvelvet zone) of incomplete primary osteons.
The transitional zone between cortex and spongiosa often ap-
pears to be the zone with the greatest portion (Wislocki 1947,
Chapman 1975, Bubenik 1990, Rolf and Enderele 1999, Price
et al. 2005, Chen et al. 2009, Krauss et al. 2009, Kierdorf et al.
2013, Sridevu et al. 2014,). Beam tips and tines are entirely
formed of compact Haversian bone (Chen et al. 2009;
Kierdorf et al. 2013). However, cortical thickness and bone
density appear to be dependent on species and antler size
(Chapman 1975, Acharjyo and Bubenik 1983, Kierdorf
et al. 2013). The interior of the small antlers of living
Muntiacus resembles beam tips and tines of larger antlers,
consisting of Haversian bone with only little transitional zone
in the centre (Online Resource 37, Azanza et al. 2011).
Differences with long bone histology and life-long persistent
cranial appendages have been outlined (Rolf and Enderele
1999; Paral et al. 2007; Sridevu et al. 2014). Prior to the rut,
an increase in testosterone level causes intense ossification
(Landete-Castillejos et al. 2019 and references therein).
Our palaeohistological data reveal osteonal/Haversian
bone to be the predominant tissue in early antlers. Name-
giving Haversian canals are the central structures of the sec-
ondary osteons housing vascularisation, and, hence, are con-
sidered the major morphophysiological unit (Francillon-
Vieillot et al. 1990). In fossil antlers, bone differentiation into
cortex and centrally decreasing lamellar bone, similar to the
transitional zone in modern antlers, is restricted to areas where
tines split, i.e. regions with largest dimensions or enlarged
space in only some of the specimens/morphotypes (Fig. 3,
Online Resources 21, 29, 34). We found no evidence at all
for purely trabecular bone (spongiosa). However, shape and
regional density of osteons are species specific. Basal trans-
versal antler extensions and tines arising from them, both not
present in modern antlers, never exhibit internal differentia-
tion. In general, tine tips never hold internal differentiation
(Fig. 3; Online Resources 3, 5, 7, 10, 16, 23-24, 27, 29-31,
34-35) alike in modern antlers (Kierdorf et al. 2013). Thus,
species specifics (morphotype and size) seem to have been
relevant to concentric antler bone differentiation (see also
Vislobokova and Godina 1993a).
Generally, Haversian bone in the fossil antlers indicates
rapidly proliferated tissue due to high vascularisation provid-
ing sufficient nutrient supply for high metabolic demands in
the process of endochondral ossification. This fundamental
histogenetic cascade is known from findings in antlerogenesis
of living cervids (Ham 1969; Stockwell 1979; Banks and
Newbrey 1982; Gomez et al. 2013; Kierdorf et al. 2013).
Growth in antlers of living cervids is observed to take place
via rapidly proliferating mesenchymal cells (Wislocki 1942;
Banks 1974; Kierdorf et al. 1995a, 2007; Price et al. 1996,
2005; Szuwart et al. 1998; Colitti et al. 2005; Cegielski et al.
2009; Gomez et al. 2013) at the tips of beam and tines. These
differentiate further proximally first to chondroblasts and then
to osteoblasts forming a scaffold of longitudinal, ramifying
trabeculae surrounding blood vessels. Thus, and according
to the short life time of an antler, modern antler histology from
tip to base shows a gradual change from an early ontogenetic
stage to a more advanced ontogenetic stage or ossification
grade (see Wislocki et al. 1947, Price et al. 2005). Since the
fundamental process of growth is the same at all ontogenetic
stages, the mode of growth can be traced from periphery to the
centre along an antler from distal to proximal (Wislocki et al.
1947, Price et al. 2005, Sridevu et al. 2014). Osteons in
Haversian bone trace morphogenesis via preosseous tissue
proliferation from the pedicle or antler’s base to tine tips or
protrusion apexes. Our histological findings in fossils suggest
a similar process. Yet, one of the unshed and dichotomously
branched fossil specimens is built from primary trabecular
scaffold only (Fig. 2; Online Resources 19) and, hence, may
represent an early stage of ossification before apposition of
lamellar bone and a rapid growth.
Recently, Krauss et al. (2011) found evidence that fast
longitudinal growth in antlers profit essentially from a
mineralised tubular cartilage framework prior to osteon/bone
formation in the cortex along the main antler axis what is
unknown from long bones. This aspect is also of importance
for biomechanical strength of hard antlers in intraspecific
fighting, during which they are subjected to high impact load-
ing and large bending moments (Chen et al. 2009; Currey
et al. 2009; Launey et al. 2010). Our palaeohistological results
similarly exhibit laminar bone matrix with a longitudinal tu-
bular structure in tines (Figs. 2, 3 and 4, Online Resources 15,
16, 19, 23-24, 26-31, 35). Although the geometry of these
antlers did not comprise extreme longitudinal elements, the
tubular bone matrix was present, already supporting rapid
growth and being of potential advantage in intraspecific com-
bat use.
As opposed to Chapman (1975), ‘secondary osteons’ are
revealed to be a substantial part of the fossil antlers interspers-
ing the initial ossified framework. In living cervids, the for-
mation of osteons successive to a first phase of osteon forma-
tion appears regularly during antlerogenesis (Gomez et al.
2013; Wislocki 1942; Krauss et al. 2009: fig. 1C, 2011: figs
2c, 3e-f, 4; Kierdorf et al. 2013: figs 6, 7; Skedros et al. 2014:
figs 4-7). They impregnate intertrabecular, non-bone compart-
ments and only to a lesser extent replace the original bony
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framework, improving the strength of the forming antler, and
are also termed ‘primary osteons’ (Krauss et al. 2011; Gomez
et al. 2013; Kierdorf et al. 2013; Skedros et al. 2014). The
studies by Gomez et al. (2013) and Kierdorf et al. (2013)
furthermore report signs of resorption on the trabecular scaf-
fold prior to infilling of the intertrabecular spaces by primary
osteons. Due to the longitudinal growth of antlers and ossifi-
cation from periphery to the centre, this impregnation with
successive osteons is widest distributed in the most mature
proximal part of the inner cortex with decreasing density to-
wards the tine tips and exhibits a zonation of different ossifi-
cation grade from proximal to distal. This is in accordance
with what we found for the fossil antlers under study (Fig. 4;
Online Resources 4, 7, 12). Further, Kierdorf et al. (2013)
delimit the term ‘secondary osteons’ to structures completely
replacing previous antler bone, being formed late during antler
growth, and, hence are comparably rare. Though, such a se-
quence of different grade osteons is hard to decipher in detail
in palaeohistological sections of the fossil antlers, however,
there is compelling evidence on successive addition, as well as
replacement of bone tissue through widely distributed succes-
sive, non-first-phase, osteons similar to modern annually shed
antlers. Some unshed specimens contain open erosion cavities
in places and may represent ontogenetic tissue stages directly
after resorption and prior to refilling with secondary osteons in
the sense of Kierdorf et al. 2013 (Online Resources 5E, 7,
12B). Lacking secondary osteons in ornamentation protuber-
ances in fossil antlers may hint at their formation during late
growth states and is again in line with findings from living
cervids’ antlers (Bubenik 1966).
At the periphery of the fossil antlers, thin primary bone is
deposited consisting of lamellar parallel-fibred bone with the
exception of distal tine regions and ornamentation protuber-
ances (Fig. 4b, g; Online Resources 4I-L; 7E; 13H). This
peripheral bone layer does not contain resorption spaces or
any other secondary feature in contrast to the Haversian bone,
and, thus, is more immature, i.e. was deposited during late
growth. It may be a homologue of the outer cortex (subvelvet
zone), a thin bony sleeve, deposited along the periphery of
forming modern antlers in late growth by periosteal apposi-
tional (intramembranous) ossification and absent in tine tips
(Li et al. 1995; Li and Suttie 1998; Krauss et al. 2011;
Kierdorf et al. 2013, and references therein).
Apoptosis has been revealed to be an essential trigger for
the rapid growth, morphogenesis, and tissue remodelling of
extant antlers (Colitti et al. 2005), and there is no reasonwhy it
should not had worked the same way in the geological past
when considering the fundamental consistency in fossil and
extant antler histology.
The pattern of bone differentiation (outer cortex, inner cor-
tex, transitional zone, spongiosa), across antlers of all extinct
and extant cervids considered, hints at allometric scaling. As
all the studied antler fossils have clearly smaller-sized
dimensions than the modern antlers referred to in the latter
works, the amount of trabecular portion appears to be related
to antler size, i.e. the smaller the antler diameter, the less the
trabecular portion. This is consistent with findings in modern
antler beam tips and tines, whose diameters are smaller than
the one of beams, as well as in modern Muntiacus (Online
Resource 37), whose antlers are closer in size to the studied
fossils. Yet, internal bone differentiation is not only about
antler size, but also reflects growth patterns, as fossil antlers
with basal transversal extensions do not exhibit zonation at all,
but simple bifurcated antlers do. Similarly, the burr and entire
antler base in living cervids is composed of Haversian bone
only (Li et al. 1995, Rolf and Enderle 1999, Kierdorf et al.
2013). The biological advantage of incomplete ossification
(spongiosa and transitional zone) in antlers is obvious: it re-
duces duration of antlerogenesis and lessens weight when size
increases.
Burr formation represents transversal mesenchymal cell
proliferation in addition to longitudinal growth at the onset
of antler formation. The ring-shaped protuberance around
the base of crown cervid antlers is known to appear with the
first regeneration of antlers (second antler generation of an
individual) (see examples of primordial antlers without burrs
in Stehlin 1937: fig. 8, Acharjyo and Bubenik 1983: fig. 3,
Bubenik 1990: fig. 30, Heckeberg 2017b: fig. 9).
Velvet
Alike bone formation, antler formation indicates the presence
of skin, the so-called velvet. The antler velvet is a specialised
skin transformed from pedicle integument, most likely due to
a mix of chemical andmechanical induction (e.g. Li and Suttie
2000; Li 2013). Velvet is richly supplied with arteries and
veins and, hence, provides the major nutritional source for
antler formation (Wislocki 1942, Waldo et al. 1949). Unlike
the skin covering the pedicle, it contains hair follicles that lack
arrector pili muscles and are connected to extremely large
sebaceous glands. The velvet lacks sweat glands and is thick-
ened in comparison to pedicle epidermis. The underlying sub-
cutaneous loose connective tissue is flattened into a thin layer,
merging almost completely with the periosteum (Davis et al.
2011) (In contrast, a membrane insertion experiment demon-
strated that antler regeneration could take place without ped-
icle skin participation, resulting in a skin-less antler, Li 2013).
Sharpey’s fibres connect periosteum to bone, and hence, in
fossil antlers, indicate former location of a matrix of connec-
tive tissue. In non-shed and shed antlers (Fig. 4b, g; Online
Resources 7E, H; 13G) of our study sample, Sharpey’s fibres
underscore anchorage of periosteum/velvet to the antler bone
alike in pedicles, although less frequent and strong than in the
latter. Kierdorf et al. (1995b: figs 19, 20) describe and illus-
trate Sharpey’s fibres connecting velvet to antler bone in cas-
trated fallow bucks.
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Necrosis and abscission
The least studied phases of the antler cycle are processes re-
lated to necrosis in the antler prior to abscission. In modern
antlers longitudinal growth and mineralisation of matrix ter-
minate with the cut of the antler’s blood supply through inten-
sified ossification (reduction of Haversian system) caused by
seasonal rise of testosterone level prior to the onset of rut
(Landete-Castillejos et al. 2019 and references therein).
Also, that is the time when beam and tines’ tips turn into sharp
ends from rounded growth buds (Davis et al. 2011). Blood
supply principally happens through arteries housed in the vas-
cular layer of the velvet. Injection experiments evidenced that
total cessation of blood circulation above the pedicle
(Wislocki 1942, Waldo et al. 1949) causes first death and
shedding of the velvet, and then leaves the bare antler and
dried-up vascularisation in the Haversian bone of the periph-
eral cortex (Li and Suttie 2012 and references therein). In
consequence, there is necrosis of osteoblasts (Wislocki
1942) leaving dead antlerogenic tissue with vascularisation
canals still opened up to the external surface. The cause of
the obvious blood vessel closure and consequential cascade
of velvet and antler bone necrosis is still unknown (Li and
Suttie 2012). Our CT scans of shed modernMuntiacus antlers
confirm open Volkmann’s canals (Online Resource 37). Axial
canals and micro-cavities located in the antler core prompted
Acharjyo and Bubenik (1983) to speculate that antlers from
some deer species remained still alive through these vascular
systems after velvet shedding. Also, reported blood filled vas-
cular system and spongiosal tissue were taken as evidence of
bare antlers remaining highly vascularised until just days be-
fore shedding (Rolf and Enderele 1999; Rolf et al. 2001).
However, Waldo and Wislocki (1951) could not discover
‘growth, reconstruction or any sort of vitality in the bare ant-
ler’. Nor supported experiments on dehydration and mechan-
ical properties (Currey et al. 2009) the hypothesis of living
bare antlers. The recorded compact cortical bone with only
some wider axial canals of studied shed or mature (due to
sharp tips) fossil antlers as well as open Volkmann’s canals
(Fig. 3, Online Resources 3, 12, 16, 17, 21, 24-29, 31, 32, 34,
35) are in agreement with the above described histological
data.
With a drop in circulating testosterone at the end of rutting
season the consecutive antler cycle process is abscission. At
the very base of modern antlers (proximal of the burr), dense
osteoclast development in the trabecular bone on both sides of
the future abscission scars induces the resorption process
(Kölliker 1873: pl. 8 figs 94, 95; Wislocki 1942: pl. 1;
Waldo and Wislocki 1951: pl. 2; Goss 1983; Bubenik 1990;
Goss et al. 1992). Simultaneously, at the beam and tine tips the
Haversian system is well developed with underrepresented
mineralisation (Kierdorf et al. 2013). The initial thin demar-
cation line between pedicle and antlers, built from Howship’s
lacunae (resorption pits formed by the activity of individual
osteoclasts), is extended into resorption sinuses (Kölliker
1873) from the periphery to the centre (Wislocki 1942: pl. 1
fig. 4; Goss et al. 1992: figs 1-3; Li and Suttie 2012: fig. 3; Li
2013: fig. 5) eventually causing drop of the antler due to its
weight when trabecular remainders cannot hold anymore.
Extension of the resorption zone along the entire pedicle is
documented (e.g. Goss et al. 1992: fig. 5, Kierdorf et al. 2013:
Fig. 2). Normally, the abscission line is located in the distal
pedicle, but under certain conditions it can be located within
the antler itself. This is the reason, why studies like Rhumbler
(1929) and Gruber (1952) characterise antler casting as a pro-
cess of sequestration, comparable to the detachment of necrot-
ic bone under pathological conditions. Furthermore, it is
worth noting that antler casting differs in some aspects from
typical autotomy, as it occurs for example in lizard tails. First,
in the case of caudal autotomy a living body part is detached,
while the cast antler is a dead structure. Second, tail loss oc-
curs at a predetermined breakage location. In contrast, the
position of the abscission line along which the antler is de-
tached is not ‘fixed’ but determined by the border between
dead and living bone tissue.
Abscission is recorded in the fossil antlers under study by a
number of obviously shed specimens. They hold evidence of
resorption at the abscission scars via presence of widely dis-
tributed Howship’s lacunae and resorption sinuses (Fig. 5;
Online Resources 2F, 3F, 13A-B, 21, 26-27, 32).
Volkmann’s canals meet the external surface in still attached
as well as shed fossil antler specimens (Fig. 3; Online
Resources 10A-B, 11A-C, 12A-B, 15, 19, 21, 23, 30). This
is consistent with modern antlers (see above). There is an
antler still attached to the pedicle holding a fine, sub-sinus-
shaped line of Howship’s lacunae directly below the burr (Fig.
5j, Online Resource 36), what coincides with the junction
between a pedicle and an antler in modern cervids just before
antler casting (see Li 2013: Fig. 5)
The abscission scars in modern cervids usually have a con-
vex vaulting on the antler (Wislocki 1942, Waldo and
Wislocki 1951: pls 1-2, Bubenik 1990: fig. 31, Heckeberg
2017b: figs 1A-D) and in pendant a watch-glass-like concave
depression on the pedicle (e.g. Kierdorf et al. 2013: fig. 2a).
This is in contrast to abscission scar geometry of early cervids,
which we found to be mostly highly concavely vaulted in
antlers, and a convex bulge in pedicles (Figs. 3, 5 and 6;
Online Resources 2F, 3F, 13A-B, 21, 26, 27, 32) in correspon-
dence with Stehlin (1937, 1939), Ginsburg and Crouzel
(1976), Azanza and Ginsburg 1997, and Heckeberg (2017b),
often even not fully transversal but diagonal, and pointing to
differences in the spatial distribution of osteoclastic activities.
However, Bubenik (1966, 1990: Fig. 31) observed a change in
the geometry of the antler abscission scars throughout the life
of a red deer stag: convex from yearling up to prime-age, flat
during the transitional years, and concave in older stags.
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Concave abscission scars located in the antler itself can be
observed in antlers cast by hypogonadic or cryptorchid deer
or in antlers cast by castrates following administration of tes-
tosterone (Bubenik et al. 2001). The antler literature also con-
tains examples of ‘casting above the burr’, where proximal
antler portions did not die off (e.g. Bubenik and Weber-
Schilling 1986). The fossil record available does not allow
for in detail reviewing of sets of antler generations, and, thus,
we have to leave this issue for future investigations.
Regeneration
Antler regeneration in living deer directly arises from highly
organised wound healing processes within days or longer pe-
riods. Proliferation of periosteum and its derived tissue form
growth centres for beam and brow tine, and were interpreted
as hypertrophied scars accordingly (Goss 1972).
In the fossil antlers direct evidence of regeneration is pro-
vided by two specimens with a seam-like internal tissue in-
consistency at the border between pedicle and antler across all
diameters (Fig. 6), reflecting non-continuous growth. One of
the specimens is shed, but holds distal to its abscission region
a similar seam, as described above, made up by assumed older
(proximal) and assumed younger (distal) osteons (Fig. 6b top).
The latter finding, led to the interpretation of a repeated ab-
scission and that the abscission area was relocated towards
proximal with every shedding process. Indeed, this is in con-
gruence with modern phenomena where pedicles shorten over
the lifetime of a cervid individual (Li 2013) and produce sim-
ilar discontinuous osteonal or trabecular arrangements (Rolf
and Enderele 1999: fig 2C).
However, two fossil skulls of Procervulus dichotomus (a
stem cervid with antlers lacking a burr), one with an early
adult dentition (complete, slightly worn) and pedicles with
convex abscission scars (Online Resource 38), and one of later
age (medium to heavily worn dentition) and clearly longer
pedicles with attached antlers (Online Resource 24), indicate
pedicle length increase with every antler regeneration. In this
context, it is of interest that Kierdorf et al. (2003) reported on
osteoblastic activities after abscission in modern antlers,
which led to a partial restoration of the distal pedicle
portion that was lost along with the shed antler.
Although the portion of restoration does not exceed
the portion lost with shedding, eventually resulting in
pedicle reduction during the lifetime of an individual,
the mere existence of this post-abscission pedicle recon-
struction may represent a rudiment of an ancestral trait.
It is obvious to assume that burr formation in modern
antlers and pedicle elongation in fossil antlers may re-
sult from the same developmental growth stimulant.
Evolutionary transitional stages may have had a more
balanced pedicle loss and reconstruction as well as in-
cipient burr formation.
Consideration of previous studies
Earlier studies on internal organisation of stem cervid antlers
(Vislobokova et al. 1989; Vislobokova and Godina 1989,
1993a, 1993b; Bubenik 1990; Azanza and Ginsburg 1997;
Azanza et al. 2011) provided first insights via histological
sections and conventional radiographs into these ancient
organs, but they were restricted in taxonomic coverage,
waiving of holotypes, and exclusively 2D imaging. Whereas
Vislobokova et al. (1989) as well as Vislobokova and Godina
(1989, 1993a, 1993b) focused on general structural differ-
ences and shared features among ruminants for systematic
purposes, Bubenik (1990), Azanza and Ginsburg (1997),
and Azanza et al. (2011) presented hypotheses on the evolu-
tion of antlers comprising gradual trait acquirement towards
the modern antler cycle. Histological features of ancestral ant-
lers were interpreted as results from long-term persistence and
only occasional shedding/‘spontaneous autotomy’ as opposed
to regular shedding (Bubenik 1990; Azanza 1993; Azanza and
Ginsburg 1997; Azanza e t a l . 2011) . De tec ted
‘morphostructural features’ in different species were ‘correlat-
ed with differences in physiological processes’ and interpreted
to indicate ‘separate types of protoantlers’ (Azanza and
Ginsburg 1997).
In detail, relatively smooth surface and absence of a burr
prompted interpretations of permanent skin-covered cranial
appendages with a facultative perennial nature in
Ligeromeryx, Lagomeryx, and Procervulus ( Bubenik 1990;
Azanza and Ginsburg 1997), although the authors could not
provide coherent explanations. In addition, Azanza et al.
(2011) suggested skin cover of shed specimens of
Procervulus and Heteroprox because of the lack of a protec-
tive highly mineralised, compact zone between antler and
pedicle as in modern cervids simultaneously with velvet
shedding. The same was hypothesised by Bubenik (1990)
for Ligeromeryx. Yet, Szuwart et al. (1998) clarified for living
cervids that intense vascularization of the antler growth zone
makes cell degeneration or rebuilt capillary canals respective-
ly highly unlikely. ‘Sprouting’, ramification through exosto-
ses of the cortex, was claimed for Ligeromeryx (Bubenik
1990, Azanza 1993, Azanza and Ginsburg 1997; mentioned
also in Mennecart et al. 2016), but without histological/
radiographic evidence. A highly active cortex up to post
growth termination and related abscission of life-organs due
to still existent velvet was suggested for Dicrocerus (Bubenik
1990), whereas Azanza et al. (2011) assumed velvet shedding
before abscission of antlers inDicrocerus, because of missing
central trabecular area (i.e. loss of blood supply). Bubenik
(1990) interpreted detected longitudinal central canals to the
prong tips in a shed Ligeromeryx specimen (1990: Fig. 18B;
but see our Online Resource 17 of the internal structure of the
same specimen, NMBS.O. 5720, which proves the absence of
central canals!) as an evidence of abscission of life-antlers due
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to insufficient mineralisation to cut off blood supply from the
pedicle, like observed with tines or distal parts of antlers in
castrated deer (Wislocki et al. 1947a, Bubenik and Weber-
Schilling 1986, Kierdorf et al. 1995b). However, the latter at
least partly became necrotic due to frostbite, what was impos-
sible in the Early and Middle Miocene of Europe due to
subtropical climate. Azanza and Ginsburg (1997) argued that
capillaries leading directly to the outer border of cast
Ligeromeryx antlers indicate blood supply and consequently
skin cover at the time of shedding. Indeed, already Wislocki
(1942) observed high vascularisation penetrating from the vel-
vet into the antler bone. However, Rolf and Enderele (1999)
observed a widespread capillary system, directly after velvet
shedding, throughout the four tissue zones and even extending
the external border of an antler (fig. 3H). Pawłowska et al.
2014) found in a Megaloceros antler evidence for
Volkmann’s canals after vascularisation loss as we did in
Muntiacus (Online Resource 37). Hence, the evidence found
by Azanza and Ginsburg (1997) is not in contradiction to the
antler cycle in living deer, but rather shows correspondence.
In a macroevolutionary perspective, missing central
spongeous bone in Ligeromeryx andDicrocerus antlers where
interpreted as immature antler bone (Azanza and Ginsburg
1997, Azanza et al. 2011). Bubenik (1990: Fig. 15.1) and
Azanza et al. (2011) discussed evidence on centrifugal
mineralisation (from centre to the periphery) in Dicrocerus
as opposed to the inverse ossification in modern antlers.
Azanza et al. (2011: fig. 6 3d) even distinguished between a
primary (external) and a secondary (deeper) cortex, not ho-
mologous with the outer and main cortex of modern antlers
(Gomez et al. 2013; Kierdorf et al. 2013). Based on Chapman
(1975), who considered secondary and tertiary Haversian
system and interstitial lamellae to be absent from modern
antlers due to their restricted life time in contrast to skeletal
bones, Azanza and Ginsburg (1997) inferred from tissue re-
modelling in early fossil antlers on longer-lived organs with
no regular shedding. The latter looks to be in accordance with
lines of arrested growth (LAGs, continuous circumferential
bands of the cortex caused by temporally extrinsically or
intrinsically induced growth stops, see Kolb et al. 2015 and
references therein) found in early antlers of Dicrocerus
elegans (Azanza et al. 2011: fig. 6 2d). However, our review
of the depicted evidence led to the conclusion that these LAGs
were misinterpreted circumferentially arranged osteons,
grown during primary osteoblast activity during which trabec-
ulae scaffold around blood vessels was formed, before
infilling of mineralised matrix in interspaces (compare to
Krauss et al. 2011: fig. 3). Indeed, in all ten extinct species
and 34 specimens studied in the present paper, we neither
found LAGs, nor any other feature indicating longer-lived
organ duration in congruence with evidence from extant ant-
lers (see discussion above). This is especially of interest, since
LAGs have been found in long bone specimens ofDicrocerus
elegans from the same fossil site (Amson et al. 2015) and were
to be expected in antlers, in case they were longer-lived or-
gans. On the other hand, the latter authors describe osteopo-
rosis and cyclic bone remodelling, what indicates cyclic inter-
vals of great demand for minerals (antler formation) in accor-
dance with observations in modern Odocoileus bones
(Meister 1956; Banks et al. 1968; Hillmann et al. 1973).
In addition, our results do not support centrifugal
mineralisation, but the general ossification pattern alike in
modern antlers and provide indication for initial primary tis-
sue only, both peripherally and centrally, that got increasingly
remodelled. Obvious colour differences detected by Bubenik
(1990: fig. 15.1) and Azanza et al. (2011) may represent
taphonomical impregnation or alteration of the antler tissue.
Terminological recommendations
Previous works attempted to find homologues for morpholog-
ical elements of early fossil antlers in modern antlers (burr,
brow antler, shaft, beam, sculpturing), and whereas some
morphotypes were always recognised as fossil homologues
of their modern antler successors, others went through odys-
seys of interpretations (e.g. Procervulus, Lagomeryx-related).
Accordingly, the introduced terms ‘protoantler’, ‘true antlers’,
‘protoburr’, and ‘true burr’were meant to express morpholog-
ical and physiological differences between modern antlers and
their evolutionary forerunners (Bubenik 1990, Azanza and
Ginsburg 1997, Geist 1998; Azanza et al. 2011, 2013,
Heckeberg 2017b). This retrospective terminology, however,
on the one hand blurs the fundamental consistence (apophy-
seal, branched, deciduous organs) and uniqueness of modern
and ancestral antlers. On the other hand, it simplifies the var-
iability among modern antlers (shape, climatic dependence of
antler cycle). In fact, in the geochronological perspective
modern antlers appear to be highly specialised rather than
‘true’ and their burrs are just one kind of a variety of basal
extensions in antlers. Therefore, our recommendation is to
avoid the terms above in favour of terms which consider the
super- (e.g. antlers, basal extensions) or subordinary (e.g.
modern antlers, beam antlers, crown cervid antlers, burr, basal
plate, palmation, ancestral antlers and stem cervid antlers)
nature in a macroevolutionary perspective.
Discussion summary
Overall, evidence from 3D computed tomography and 2D thin
sections of early and middle Miocene antlers as well as their
pedicles and comparative histology with modern homologues
revealed several key aspects relevant to their evolutionary
assessment. (1) Structural features of the osseous tissue reflect
endochondral ossification and rapid growth. (2) Principle pat-
terns of remodelling of the osseous tissue resemble those of
annually shed antlers in living deer. (3) According to the
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internal bone structure and histology, there is no evidence of
time recording (see Castanet 2006) alike in long bones in the
studied fossil antlers. (4) Unequivocal histological evidence
on abscission scars’ surfaces reveal resorption processes com-
parable to abscission in modern cervids. (5) Internal arrange-
ment of trabeculae reflect repeated regeneration. (6) Internal
zonation is dependent of place, size, and morphology, i.e.
species-dependent, but independent of fundamental physio-
logical processes of the antler cycle. (7) There is indication
that relative pedicle length and burr formation/basal antler
extension are histogenetically linked: the less pedicle length,
the more basal extension. Occasional damage of supposedly
permanent cranial appendages and resulting initial adaptation
to a fast regeneration as a trigger for the evolution of the
seasonally shed modern antlers can be excluded based on
the palaeohistological evidence described above. For correla-
tion of successive longitudinal growth stages in antlerogenesis
of Miocene cervids with known processes in living cervids,
see Table 1.
Conclusions
Our extensive exploration of internal structures of oldest fossil
antlers and pedicles has produced a fairly large data set in
contrast to what was known before and opens up the deepest
and most detailed view into the evolutionary history of antlers
we ever had. The study reveals intriguing consistence with
histology in antlerogenesis of living cervids. We qualitatively
investigated histology of 34 fossil antlers and comprehensive
taxonomic coverage using micro-computed tomography as
well as thin sections. We compared to common knowledge
on bone histology and evidence from living deer antler hard
tissue. We found correspondence with histology of modern
antlers recording apophyseal, rapid, longitudinal growth with
growth centre splitting at branching points, progressive
proximodistal centripetal ossification and remodelling, abscis-
sion as well as repeated regeneration. We found no indication
of longevity, and, consequently, doubt on spontaneous autot-
omy, but have no reason to doubt on ephemerality alike in
modern homologues. Accordingly, we cannot verify the hy-
pothesis of a gradually acquired modern antler cycle (see
Introduction), but have to conclude that characteristic physio-
logical processes and mechanisms of the modern antler cycle,
i.e. periodic cell death, abscission, and regeneration, were fun-
damental to antlers with the onset of initial evolutionary
stages.
Apart from the profound consistence between ancient and
modern antler biology, size and shape differences correlate
with differences in tissue organisation and histogenesis re-
spectively. Lightweight constructions, with central trabecular
bone, known from modern beam antlers of large cervid spe-
cies (e.g. Picavet and Balligand 2016: fig. 2) are not represent-
ed among the ancient antlers studied and not in the small
living Muntiacus. The internal structures observed point to
either allometric, but also morphotype specifics. Moreover,
ancient pedicle position on the orbital roof facilitated link with
a medullary cavity system in the frontal bone unlike modern
pedicles. Ancient pedicles’ relative length is longer than in
modern pedicles and may be related to the grade of burr
Table 1 Correlation of successive longitudinal growth stages in antlerogenesis ofMiocene cervids with known processes in living cervids based on the
palaeohistological evidence
Growth stage Palaeohistological evidence Process
Initial endochondral ossification, largely replacing
the preexisting trabeculae of mineralised
cartilage in the developing antler (velvet
covering present)
Deposition of primary and longitudinally oriented,
loose bone scaffolding consisting of lamellar to
woven bone with laminar to reticular
vascularization
Osteoblast synthesising activity causing
stabilisation of rapidly proliferating
mesenchymal cells of antler tissue
Advanced endochondral ossification, compaction
of antler bone and formation of dense cortical
bone (velvet covering present)
Infilling of vascular spaces in the primary bone
scaffolding by primary osteonal bone (i.e.
lamellar bone) forming tubular structures
arranged in the longitudinal axis of the antler and
differentiation between cortical and trabecular (if
present) bone
Osteoblast synthesising activity causing
progressive hardening and maturation of
antler bone
Intensified ossification of antler bone at season of
raised testosterone level (velvet covering
present)
Secondary osteons in cortical and trabecular (if
present) bone as well as resorption spaces,
resulting in predominantly dense tubular
Haversian bone; primary bone remnants found
either as interstitial pockets inmore internal areas
or in the cortical periphery, usually in form of a
layer of lamellar bone
Osteoclast resorption activity and osteoblast
synthesising activity causing bone
remodelling and optimisation of antler
bone strength
Shedding of antlers (past velvet shedding) Howship’s lacunae (resorption structures) in
abscission scars at antler bases
Osteoclast resorption activity at
antler-pedicle-demarcation line eventually
leading to antler abscission
Sci Nat           (2021) 108:3 Page 17 of 24     3 
formation/basal extension. Geometry of ancient antler abscis-
sion scars is never convex, but concave.
Disparity in morphotype diversity characterises the differ-
ence between stem cervid antlers and crown cervid antlers.
Whereas the latter are coined by the beam structure, the former
hold a variety of basic morphotypes without shaft and/or beam
but dichotomous, trichotomous, and palmated branching at
the antler’s base exclusively (Fig. 1a–h). That corresponds to
the basic successive steps when it comes to establishment of
novel features during evolution: variation and selection (e.g.
Grant et al. 1976; Levinton 1983; Bégin and Roff 2004;
Eldredge et al. 2005). An incremental integration of the beam
antler in intraspecific social behaviour during rutting season
(Clutton-Brock et al. 1980, Clutton-Brock 1982) may have
become essential for surviving an evolutionary bottleneck
among cervids when it came to drastic Eurasian environmen-
tal and faunal turnovers during the so-called Vallesian crisis
10 million years ago in the early late Miocene (Agusti and
Moyá-Solá 1990; Dong 1993; Fortelius et al. 1996; Gentry
et al. 1999; Ataabadi et al. 2013; Azanza et al. 2013). In that
context, the general tubular bony framework, described for
modern antlers (Krauss et al. 2011) as well as for the studied
fossil antlers, and a nanoscale toughening mechanism
(inhomogenous fibril stretching) (Krauss et al. 2009) must
have been beneficial to the rapidity of the growth process
and became substantially advantageous for the evolution of
a longitudinal geometry by development of a high fracture
resistance.
The question why deer shed antlers, especially in face of
the costly regeneration in large-sized cervids, has been an-
swered with hypotheses on selective advantages (Whitehead
1972; Geist and Bromley 1978). However, our results suggest
that the antler cycle encompasses processes and mechanisms
which are evolutionarily and ontogenetically deeply rooted,
rather being due to a common underlying developmental pro-
gramme than to any functional importance (as supported by
results from Metz et al. 2018). Accordingly, cervids simply
have had to cope with the periodic loss and regain of their
cranial appendages, and their evolutionary history was con-
stantly accompanied by the competition between physiologi-
cal costs and socio-reproductive success.
As antlers originated under totally different extrinsic con-
ditions (ecological, faunistic, vegetational, climatic) than to-
day (e.g. Rössner and Heissig 1999, Zachos et al. 2001,
Böhme 2003, Kutzbach and Behling 2004, Pound et al.
2012, DeMiguel et al. 2014), this has to be considered when
discussing the ancient antler cycle. Genetic, hormonal and
photoperiodic control may be similar to modern cervids living
in tropical or subtropical habitats. However, systematic stud-
ies on the irregular timing of the antler cycle of the latter
species are rare (Mohr 1932, Morris 1935, Van Bemmel
1952, Asdell 1964, Ables 1977, Loudon and Curlewis 1988,
van Mourik and Stelmasiak 1990, Bubenik et al. 1991, Daud
Samsudewa and Capitan 2011, Kavčić et al. 2019 ) and a
synthesis is missing in regard to what hampers comprehensive
assessment of the process in specific and in general. Yet, re-
ports on annual antler shedding in tropical cervids living in
temperate climate/higher latitude regions (Pohle 1989) and
more than annual shedding in temperate cervids (Kierdorf
and Kierdorf 1998) deviate from the common view.
The ultimate cause and conditions of the origination of
pedicles with deciduous osseous apices remains a question
to be solved. However, outcomes from histological studies
exploring the origin of pedicle and antler development (Li
2013; Wang et al. 2019a; and references therein) as well as
principles in physiology, proteomics, and genetics controlling
growth, ossification, demineralisation, and regeneration may
help in solving this question (e.g. Davis et al. 2005 and refer-
ences therein, Stéger et al. 2010, Hu et al. 2019; Wang et al.
2019a, b).
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